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We have developed a fabrication process for nanoscale tunnel junctions which includes focused-
ion-beam etching from different directions. By applying the process to a Nb/(Al–)Al2O3/Nb
trilayer, we have fabricated a Nb single-electron transistor (SET), and characterized the SET
at low temperatures, T = 0.04 − 40 K. The superconducting gap energy and the transition
temperature of the Nb SET agree with the bulk values, which suggests high quality Nb junctions.
The single-electron charging energy of the SET is estimated to be larger than 1 K.
Appl. Phys. Lett. 84, 410 (2004) [DOI: 10.1063/1.1640798]
Circuits with Josephson tunnel junctions are one of the
most promising candidates for quantum bits (qubits) for
quantum computation in solid-state electronic devices.1,2
The Josephson junctions (JJs) for qubits should have
large subgap resistance and an appropriate EJ/EC ra-
tio, where EJ is the Josephson energy and EC is the
charging energy of the junction. The desired range of
EJ/EC depends on the degree of freedom (charge, flux,
or phase) to be controlled in the circuit. For cases of
charge qubit3 and flux qubit,4 a typical junction size is
on the order of 0.1 × 0.1 µm2, for which the fabrication
technique of Josephson tunnel junctions has been well es-
tablished only for Al/Al2O3/Al junctions. However, ma-
terials with larger superconducting gap energy ∆, e.g.,
Nb (∆Nb/∆Al ≈ 8), are more attractive especially for
flux qubits, where one wants to have large EJ/EC and
keep EC sufficiently larger than the thermal energy kBT .
Note that EJ is proportional to ∆.
There have been a number of attempts to fabricate
small-capacitance Al/Al2O3/Nb or Nb/(Al–)Al2O3/Nb
JJs.5,6,7,8,9,10 Conventional nanoscale fabrication pro-
cesses based on e-beam lithography and multiangle
shadow evaporation, which work fine for Al/Al2O3/Al
JJs, tend to deteriorate the quality of Nb, i.e., ∆ and
the superconducting temperature Tc are reduced con-
siderably (a summary of this can be found in Fig. 1
of Ref. 10). Rather large values of ∆Nb/e have been
obtained in single junctions fabricated by a sloped-edge
technique5 (1−1.2 mV) and in a single-electron transistor
(SET) fabricated by a multilayer technique7 (1.35 mV).
However, it would be difficult to fabricate multijunction
devices using the sloped-edge technique, and the charging
energy of the SET fabricated by the multilayer technique
was ≈ 0.15 K, which might be acceptable for flux qubits
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FIG. 1: Nb single-electron transistor. (a) Top view. (b) Side
view. (c) Focused-ion-beam secondary-electron image taken
from the direction shown in (a).
but would be too small for charge qubits and for most
single-electron-tunneling devices.
We have developed a process to fabricate high-
quality small-capacitance Nb/(Al–)Al2O3/Nb JJs which
includes focused-ion-beam (FIB) etching from two differ-
ent directions. By employing the process, we have fabri-
cated SETs with a three-dimensional structure, shown in
Fig. 1. Details of the process are as follows. A trilayer of
Nb (thickness: 0.3 µm), Al (0.01 µm)–Al2O3 (≈1 nm),
and Nb (0.3 µm) was sputtered onto a SiO2/Si substrate
in a single vacuum cycle. The Al2O3 layer was formed
by oxidizing the surface of Al. The film was then pat-
terned with standard photolithography and Ar+ milling,
where the smallest feature size in this step was ≈5 µm.
The dimensions of the trilayer were decreased further in
a Ga+ FIB system, which has three functions: deposi-
tion, etching, and observation. From the direction per-
pendicular to the substrate, we first deposited C (thick-
ness: ≈0.1 µm) by decomposing phenanthrene (C14H10)
gas with a Ga+ beam current of 48 pA. The role of the
C layer is to minimize damage of the trilayer by Ga+
during the etching process described below. Then, we
etched into the pattern shown in Fig. 1(a) except for the
fine structure on the narrow track between the source
2FIG. 2: Current-voltage characteristics (upper data set) and
the differential resistance vs bias voltage V (lower data set)
of the Nb single-electron transistor at T = 3.2 K.
and the drain. For etching, we used two beam currents,
1.3 nA (rough etching) and 9 pA, not only for efficiency
but also to minimize the amount of material redeposited
on the sides of the narrow track. After tilting the sub-
strate ≈88◦, three holes were made with a 9 pA beam
current on the side of the track as shown in Fig. 1(b).
A double-junction structure formed between the holes.
An example of the SET fabricated in the above process
is shown in Fig. 1(c), which is a secondary-electron im-
age taken in the same FIB system. The final step in our
fabrication process is anodization, and there are two rea-
sons for this. One is to eliminate completely short circuit
of the junction due to conducting materials (mostly Nb)
redeposited during FIB etching, by changing the con-
ducting materials into insulating oxides. The other is to
suppress the contribution of the sample surface, which
might have been damaged by Ga+, to electrical conduc-
tion. Because anodization also reduces the effective area
of the junctions, we designed the initial junction size de-
lineated by the FIB to be > 0.2× 0.2 µm2, although we
could fabricate much smaller junctions by this technique.
We kept the anodization current constant at a value in
the range 1–10 µA/cm2 and, for the sample discussed be-
low, we anodized up to 60 V, which reduced the effective
junction area to < 0.1 × 0.1 µm2. The FIB etching was
quite reproducible, although the resistance of the SET
after anodization varied from sample to sample.
We measured the samples in a 4He continuous-flow
cryostat with a Si-diode thermometer mounted next to
the sample holder. The current-voltage (I-V ) character-
istics of one of the samples at T = 3.2 K is shown in
Fig. 2. The I-V curve exhibits a sharp superconducting
gap, whose value corresponds to two Nb JJs. We ob-
tained ∆Nb/e = 1.4 mV from the distance between the
peaks in the differential conductance dI/dV vs V curve
(see the lower data set of Fig. 2). Here the charging en-
FIG. 3: Temperature dependence of the zero-bias resistance
at T ≥ 9.2 K (open squares) and that of the subgap resistance
at T ≤ 9.0 K (closed circles). Inset: Differential resistance vs
bias voltage at T = 9.0 and 9.2 K. The origin of the vertical
axis is offset for each curve for clarity.
ergy of the SET is negligibly small for the estimate of
∆Nb as will be discussed later. This value of 1.4 mV
is the largest for ∼ 0.1 × 0.1 µm2 junctions. Moreover,
it agrees with the values at liquid 4He temperatures for
1–10 µm scale JJs fabricated by a standard photolitho-
graphic technology for integrated JJ circuits. We also
measured the temperature dependence of the I-V curve
in order to determine Tc. The I-V curve looks almost
linear at T > 8 K. However, when we look at the dif-
ferential resistance dV/dI, it is easy to find a qualitative
difference between the dV/dI vs V curves at T ≤ 9.0 K
and those at T ≥ 9.2 K. The inset of Fig. 3 shows the
dV/dI vs V curve at T = 9.0 and 9.2 K. The curve at
9.0 K has a dip in the middle, while that at 9.2 K does
not. Based on this qualitative difference, we determine
that Tc = 9.1 ± 0.2 K, which agrees with the bulk value
of 9.2 K within the error. Here ±0.2 K includes all er-
rors in thermometry and Tc determination. We confirm
the adequacy of the above Tc determination in Fig. 3 by
plotting versus T the zero-bias resistance for T ≥ 9.2 K
(normal state) and the subgap resistance for T ≤ 9.0 K
(superconducting state), where we have defined the sub-
gap resistance as the maximum value of V/I(V ). From
the values of ∆ and Tc, we conclude that the quality of
our JJs is high and it has not deteriorated in the FIB
etching process.
Let us look at the properties of the sample as an SET.
The gate electrode is located >1 µm from the double-
junction system (Fig. 1), and the voltage Vg applied to
the gate modulates the current even up to 5 K (data
not shown). Thus, the sample indeed works as an SET.
In order to characterize the sample further, we cooled it
down to 0.04 K in a 3He–4He dilution refrigerator. At
T ≤ 1 K, the subgap resistance becomes >102 MΩ, which
is significantly larger than the normal-state resistance,
0.3 MΩ, and again, suggests high quality junctions.
3FIG. 4: Blockade of single-electron tunneling in the normal
state (B = 2.7 T) at T = 0.05 K. Lower data set: Current I vs
gate voltage Vg at V = 0.026 mV, where V is the bias voltage.
Upper data set: Region of |I | < 10 pA on the Vg-V plane.
The closed diamonds indicate the Coulomb-blockade region.
The horizontal dotted line corresponds to 2EC/e, where EC
is the single-electron charging energy of the SET.
The parameters of a SET, such as the capacitances
C1 and C2 of the tunnel junctions and the capacitance
Cg between the island electrode and the gate electrode,
can be determined by measuring the blockade of single-
electron tunneling in the normal state at a low enough
temperature.11 We drove the Nb SET into the normal
state by applying a magnetic field of 2.7 T perpendicular
to the substrate, and measured I-Vg curves for different
values of V at T = 0.05 K. An example of the I-Vg curve,
which is for V = 0.026 mV, is shown in the lower data set
of Fig. 4. One period in the Vg axis corresponds to e/Cg,
so that Cg = 7 aF, which is consistent with the geome-
try. In the upper data set of Fig. 4, we estimate the zero-
current region at T = 0 on the V -Vg plane (Coulomb dia-
mond). The horizontal dotted line corresponds to 2EC/e
of the SET. Thus, from 2EC/e = 0.18 mV in Fig. 4, we
obtain EC/kB = 1.1 K, which is consistent with the ef-
fective junction area of < 0.1 × 0.1 µm2 and sufficiently
larger than the base temperature of a typical dilution re-
frigerator, <0.1 K. When Cg ≪ C1, C2, which is the case
in our Nb SET, C1 and C2 are estimated from the slopes
of the solid lines in Fig. 4. We find that C1/C2 = 0.75,
although we designed it so that C1 = C2.
The reason for asymmetry in the junction capacitance
is that we had to anodize the SET up to a large voltage in
order to eliminate the short circuit. The accuracy of the
capacitances could be improved by introducing a step of
reactive-gas-assisted etching at the end of the FIB pro-
cess. We have already confirmed that XeF2 gas enhances
the etching rate of Nb ≈102 times and “cleans up” rede-
posited Nb. By introducing the step, we would be able
to reduce the anodization voltage considerably. Reduc-
ing the anodizaiton voltage would also improve the yield
of the fabrication process.
It should be noted that our process is also applicable to
more complex circuits. Moreover, it is much more flexi-
ble in terms of circuit pattern than the conventional tech-
nique based on e-beam lithography and shadow evapora-
tion, or the multilayer technique in Ref. 7. Very recently,
a similar FIB-etching technique was independently de-
veloped, and nanoscale single junctions with a variety
of materials were fabricated.12 Thus, the process is not
limited to Nb/(Al–)Al2O3/Nb junctions.
In the superconducting state, one expects that the
supercurrent flowing through the SET depends on Vg
periodically13 and that the period is 2e/Cg (2e periodic).
In many experiments, however, a period of e/Cg (e pe-
riodic), which suggests the existence of subgap quasipar-
ticle states,13 has also been seen. In small-capacitance
Al/Al2O3/Nb or Nb/(Al–)Al2O3/Nb systems, only e pe-
riodicity has been reported. In our Nb SET, the mea-
sured supercurrent at T = 0.04 K and B = 0 is also
e periodic, and its magnitude is on the order of 10 pA,
which is ≈10−3 the theoretical maximum, ∼ I0/2, where
I0 ≡ pi∆/2eRn is the Ambegaokar-Baratoff critical cur-
rent and Rn is the normal-state resistance of the junc-
tion. Further investigation of the periodicity by mea-
suring high-quality Nb SETs with different parameters
would clarify whether the e periodicity is intrinsic to Nb
or not.
In summary, we have fabricated a high-quality Nb SET
with EC/kB > 1 K by developing a fabrication process
for nanoscale tunnel junctions. The process is much more
flexible than conventional ones based on e-beam lithog-
raphy.
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